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Summary
Objective: The aim of this study was to evaluate the reliability of a software tool that assesses knee cartilage volumes using magnetic
resonance (MR) images. The objectives were to assess measurement reliability by: (1) determining the differences between readings of the
same image made by the same reader 2 weeks apart (test–retest reliability), (2) determining the differences between the readings of the
same image made by different readers (between-reader agreement), and (3) determining the differences between the cartilage volume
readings obtained from two MR images of the same knee image acquired a few hours apart (patient positioning reliability).
Methods: Forty-eight MR examinations of the knee from normal subjects, patients with different stages of symptomatic knee osteoarthritis (OA),
and a subset of duplicate images were independently and blindly quantified by three readers using the imaging system. The following cartilage
areas were analyzed to compute volumes: global cartilage, medial and lateral compartments, and medial and lateral femoral condyles.
Results: Between-reader agreement of measurements was excellent, as shown by intra-class correlation (ICC) coefficients ranging from
0.958 to 0.997 for global cartilage (P<0.0001), 0.974 to 0.998 for the compartments (P<0.0001), and 0.943 to 0.999 for the condyles
(P<0.0001). Test–retest reliability of within-reader data was also excellent, with Pearson correlation coefficients ranging from 0.978 to 0.999
(P<0.0001). Patient positioning reliability was also excellent, with Pearson correlation coefficients ranging from 0.978 to 0.999 (P<0.0001).
Conclusions: The results of this study establish the reliability of this MR imaging system. Test–retest reliability, between-reader agreement,
and patient positioning reliability were all extremely high. This study represents a first step in the overall validation of an imaging system
designed to follow progression of human knee OA.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
Assessment of cartilage volume is important for monitoring
osteoarthritis (OA) and evaluating therapeutic response.
For many years, clinical studies of drug interventions on
symptomatic knee OA have focused only on clinical par-
ameters, such as pain and joint function, without assessing
the effect of treatment on structural changes caused by the
disease and the role of treatment in preventing cartilage
degradation. Serial radiographs of affected joints appear to
be a logical means of documenting the progression of OA
over time1, provided that a validated, reliable, and easily
reproducible technique is used2–5. Although improvements
in the standardization and interpretation of radiographs
have produced better measures of the joint space width
(JSW) and the progression of joint space narrowing6–10,
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this progression is such that a minimum follow-up of
2 years in large numbers of patients is necessary to
establish an effect of pharmacological interventions on OA
progression. Moreover, these measures provide only one
measurement point, which considerably restricts the statis-
tical power of this technique, gives no indication of cartilage
volume, and gives only an approximate measure of the
overall thickness of the articular cartilage. Finally, measure-
ment of JSW does not capture information on the cartilage
changes alone but is also dependant on the integrity of
surrounding tissues, particularly the meniscus. Enucleation
of the internal meniscus, which may occur during longi-
tudinal studies, can dramatically change the JSW and
affect the reliability of such measurement11.
The use of arthroscopy to assess cartilage appears
reliable and sensitive to change at 1 year12. However, only
the cartilage surface can be evaluated, and the method is
semi-quantitative and, above all, invasive. Large studies
are, therefore, difficult to conduct.
Magnetic resonance (MR) imaging allows precise visual-
ization of joint structures such as cartilage, bone, synovium,
ligaments, and meniscus, and their pathological changes13.
Recent advances in this technology have led to significant
improvement in spatial resolution and contrast, enabling
researchers to evaluate anatomical damage of all these joint
structures across sagittal, coronal, and axial planes14–22.
Although anatomical changes in the cartilage can be seen,
quantification of these changes remains difficult. Initially,
quantitative measurement of cartilage was studied in
healthy subjects23–28 or animal models29. Early work on
cartilage in OA patients was restricted to semi-quantitative
methods30,31, with some of these measurements in OA
patients correlating well with arthroscopy findings32–34 and
histological specimens35,36. Recently, quantitative measure-
ment was possible for cartilage volume assessment20,37–51.
To date, there are few in vivo methodologies permitting
sensitive, specific, valid, and reliable quantification of pro-
gression of OA of the knee. We are proposing a method for
measuring cartilage volume for the complete articulation
(femur and tibia) to evaluate the status of the knee cartilage
over time. The primary objective of this study was to
develop a method for the reliable evaluation of cartilage
volume using MR image sets based on fat-suppressed,
gradient–echo sequences. Our assumption is that by using
MR imaging and semi-automated computer software, it is
possible to obtain valuable information on cartilage volume
in vivo in normal and OA patients. Moreover, if the standard
cartilage view can be anatomically labeled, it would be
possible to evaluate cartilage volume in anatomical sub-
regions and focal defects resulting from cartilage loss
through time in a more sensitive way. This paper describes
an MR image quantification system for assessing knee
cartilage volume and presents the reliability of this system.
Our main goal is to evaluate the agreement between three
independent and blinded readers using our quantification
system. This reliability assessment represents the first step
in the overall validation of the imaging system.
Methods
QUANTIFICATION IMAGING SYSTEM
Magnetic resonance imaging
In addition to standard clinical MR acquisitions, a high-
resolution, three-dimensional (3D) MR is obtained for each
patient using a Magnetom Vision 1.5 T machine with a
dedicated knee coil commercially available by Siemens
(Erlangen, Germany). An optimized 3D, FISP sequence
with fat suppression was used. All parameters are set to
produce images with the highest cartilage-contrast, resol-
ution, and signal-to-noise ratio (SNR) within a reasonable
acquisition time: repetition time (TR) = 42 ms, echo time
(TE) = 7 ms, flip angle = 20°, 98 Hz per pixel bandwidth,
matrix size 410×512 pixels. The signal of the cartilage is
about 200 and the noise 15–20 giving an SNR above 10.
More importantly, the cartilage to bone contrast is about 5/6
to 1, and the cartilage to surrounding tissue contrast is
2.5–1. The sagittal field of view is set to 160 mm and
is rectangular whenever possible. About 80–110, 1.0-mm-
thick partitions yield a volume data set with an effective
voxel size of 0.31×0.39×1.0 mm3. The total acquisition time
ranges from 24 to 31 min. These acquisition parameters
are easily reproducible by any conventional MR machine
with 1.5 T capabilities, such machines being available. A
strict positioning and immobilizing protocol is used to
reduce movement during acquisition. The patients and
normal subjects were able to tolerate this lengthy knee
immobilization without any problem. Two small high-
precision geometrical phantoms, shaped as cylinders, are
positioned on the internal and posterior aspect of the knee
to monitor patient movement (Fig. 1).
Image processing
Cartilage thickness and volume of the knee joint are
measured using a specially developed computer program
(Cartiscope™, ArthroVision, Montreal, Quebec, Canada)
running on a Windows NT/9x workstation57. The software
was designed to assess cartilage disease progression over
time in longitudinal studies. The image-processing system
involves five main steps: (1) semi-automated cartilage
inner- and outer-boundary delineation; (2) generation of a
standardized view of the 3D cartilage geometry for the
inner- and outer surfaces; (3) anatomical labeling of
cartilage geometry and anatomical sub-region split;
(4) computation of global and regional cartilage volume;
and (5) registration of different data sets for follow-up
evaluation.
Cartilage inner- and outer-boundary segmentation. The
borders of cartilage geometry are represented by
the bone–cartilage interface (inner-boundary) and the
cartilage–surrounding tissue interface (outer-boundary). In
this first semi-automated image-processing step (segmen-
tation), the whole cartilage geometry is extracted from MR
sagittal range images. For each sagittal image in the
volume data set, semi-automatic delineation is performed
using an active-contour-segmentation technique. To pro-
vide the initial estimate of interface lines required for
starting the active-contour algorithm, the reader first
manually delineates the bone–cartilage and cartilage–
surrounding tissue interface in a typical slice by selecting a
few points with the mouse cursor as shown in Fig. 1(A).
These initial contour lines are then automatically adjusted
by using a 2D/3D, active-contour process (snake) to more
closely fit the cartilage margins with sub-pixel accuracy,
as already described by our group and others46,52,53,57
[Fig. 1(B)].
To initiate the segmentation of subsequent slices, the
adjusted contour lines obtained in the previous slice are
transferred automatically as initial estimates of the cartilage
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boundaries on the new slice, and the snake algorithm is
applied automatically. This process is repeated slice-by-
slice (about 80–100 slices for the human knee) for the
entire data set under the supervision of the reader, who
controls the quality of the segmentation results. Custom-
made interactive software editing tools can be used to
make corrections whenever necessary. This first image-
processing step generates for each MR imaging slice a
bone–cartilage interface and a cartilage–surrounding tis-
sue (synovial fluid, meniscus, etc.) interface for each knee
structure (femur, tibia). Figure 2 shows typical femur and
tibia bone–cartilage boundaries represented by their 3D
contours.
Generation of a standardized view of the 3D cartilage
geometry. To obtain a standardized view of the cartilage
geometry, a simple geometrical model is least-squared
fitted to the 3D inner contour lines extracted in the first step.
A cylinder is used for the femur and a plane is used for
the tibia [Fig. 3(A, B)]. The location of each point along the
contours can be mapped on a reference grid defined on the
3D simple geometric model as an offset (or elevation) from
the model. This defines what we call an offset-map. The
grid resolution is adjusted to match MR image slice
resolution (0.31 mm by 0.39 mm in our study). To fill the
gaps between contour lines, a cubic spline interpolation
scheme is used.
Fig. 1. (A) Sagittal MR image of knee showing contour delineation performed manually by the reader near the femur and tibia bone–cartilage
interface. The phantom is shown (arrow). (B) Sagittal MR image of knee showing results of 2D/3D active-contour process (snake) which
more closely defines the outline of the inner boundary (white lines) and outer boundary (white dashed lines) of the cartilage–surrounding
tissue interface.
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Similar offset-maps are created for the outer-boundaries
of each cartilage structure segmented at step 1, using
the geometric model and grid previously obtained from the
inner-boundaries. The result is a standardized two-
dimensional (2D) mapping of 3D cartilage geometry in
which the two cartilage interfaces are presented on regular
grids (or maps). Maps can be displayed on a graphics
screen with gray or color-coded scales reflecting the
heights of the different contour points.
Evaluation of cartilage thickness and volume. Cartilage
thickness is defined as the Euclidian distance between the
bone–cartilage interface and the cartilage–surrounding tis-
sue interface. It is computed for each point of the inner-
surface by searching for a corresponding point on the
outer-surface along the direction perpendicular to the inner-
surface. This approach is similar to that of Stammberger
et al.46. Each measured thickness value can be expressed
in our standardized map representation and designated a
thickness map (Fig. 4). Hence, a typical data set would
provide around 60 000 measurements for the femur and
40 000 for the tibia. This thickness map can equally be
represented as gray-scale or pseudo color-coded images
on a conventional screen or remapped on the associated
3D geometry using computer graphics techniques.
Cartilage volume is evaluated directly from offset-maps
as the sum of elementary volumes. Elementary volume is
defined as the volume between the bone–cartilage inter-
face offset-map and its corresponding cartilage–synovium
offset-map. If required, smaller, specific cartilage volumes
can be computed using anatomical markers such as tibial
plateaus and femoral condyles.
In this study, we selected five regions for cartilage
volume assessment: the medial and lateral femoral condyle
volumes (femoral condyle volumes delineated by the
Blumensaat’s line), the medial and the lateral compartment
volumes (summation of the volumes for the femoral con-
dyle and medial tibial plateau volumes, medially and later-
ally), and the global (total) cartilage volume (summation of
the volumes of the medial and lateral compartments and
trochlear area) (Fig. 4). These five areas were chosen
because they represent regions where one would expect to
see the most clinically significant changes over time.
The cartilage boundary segmentation and cartilage thick-
ness and volume evaluation take approximately 1 h to
perform (15 min for the bone-cartilage interface and 45 min
for the cartilage-surrounding tissue interface-see below).
Registration of different data sets for follow-up evaluation.
Because a patient’s knee cannot reliably be placed in the
magnet in exactly the same position (orientation and
flexion) at each visit, a registration procedure is required as
previously determined25,54 to provide a similar standard-
ized view of the tibia and femur for follow-up evaluation
over time. Bone–cartilage interfaces are used as a refer-
ence under the assumption that they will show less geo-
metric variation over time than the cartilage–surrounding
tissue interface. The 3D tibial and femoral bone–cartilage
interface from the first visit can be automatically regis-
tered in the new volume data set by using a 3D image
edge extraction algorithm and a least-squared distance
minimization technique.
In order to accelerate the cartilage segmentation step,
cartilage-surrounding tissue interfaces for the femur and
tibia obtained in the first data set can be positioned accord-
ingly into the new image set to be used as initial estimate
for delineation of cartilage–surrounding tissue interfaces.
The segmentation is then performed, as it was for the first
data set, with the semi-automatic method under reader
supervision and with correction, when needed. This
process takes approximately 45 min.
Finally, new thickness maps and volumes are computed.
The use of near perfectly aligned standardized views
Fig. 2. 3D representation of contours of femur and tibia bone–
cartilage interface. This is a typical result of femur and tibia
bone–cartilage segmentation.
Fig. 3. (A) A cylinder is automatically fitted to the 3D bone–cartilage
contours of the femur. (B) A plane is automatically fitted to the 3D
bone–cartilage contours of the tibia.
354 J.-P. Raynauld et al.: Quantitative MRI system for evaluation of knee OA
allows a direct comparison of the resulting maps and
sub-regional volumes. Difference-maps between data
sets from two or more visits can also be computed and
displayed.
This registration procedure was already used in our
test–retest reliability assessment. This procedure will also
be very important for longitudinal analysis of cartilage loss
over time.
RELIABILITY STUDY
Subjects and scans
MR images were obtained for three groups of volunteers.
The first group consisted of 10 young, healthy subjects
(aged 25–35 years, six males, four females), with no history
of knee problems. The second group consisted of 10
randomly selected OA patients (average age of 63.5 years,
six with a Kellgren–Lawrence score of 2, four with a score
of 3) who fulfilled the ACR criteria for OA of the knee55. The
third group consisted of eight individuals, seven of whom
were OA patients (average age of 68.2 years, three with a
Kellgren–Lawrence score of 2, four with a score of 3) who
fulfilled the ACR criteria for OA of the knee and one of
whom was a normal, healthy subject. A single MR scan was
obtained for each of the subjects in Groups 1 and 2, and
two MR scans, taken 1–2 h apart, were obtained for each of
the subjects in Group 3. Therefore, a total of 36 scans were
performed. Although a greater number of scans would have
been ideal, these 36 scans represent a good sample of
normal and OA population. All scans were obtained without
difficulty even though the acquisition time was lengthy. The
study protocol was approved by the appropriate insti-
tutional review board and all subjects gave written informed
consent prior to participating in the study.
From the 36 scans obtained, 12 were selected at random
(four from the pool of normal subjects and eight from the
OA subjects), duplicated, and added to the pool of scans to
be processed. The 48 resulting scans were randomly
mixed and any recognizable features removed. In this way,
readers were prevented from knowing that they were
reading some of the images more than once.
Readers and training
Three independent readers, initially untrained in medical
image segmentation, processed the 48 scans. The readers
were trained intensively over 3 months by two of the expert
Fig. 4. Standardized view of the cartilage geometry. The 3D model on the left shows how the femur inner-boundary is unfolded from the
cylinder. The image on the right shows a typical thickness map result.
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primary investigators (C.K., M.J.B.), who had 2 years of
experience with the MR imaging technology. The three
readers independently processed each image for each
validation procedure in a blinded fashion.
Analyses of variability
Test–retest reliability of identical MR images. Test–retest
reliability of identical MR images was assessed by deter-
mining whether there were significant differences between
readings of an original image and a copy of the image read
independently by the same reader about 2 weeks apart.
Each pair of images was read by three readers. The
analyses reported here are based on the differences
between the readings provided by each reader (results
from first reading [test] minus the results from the second
reading [retest]). The data for each reader were analyzed
separately to reveal differences among the readers. Each
reader evaluated images from 12 subjects. The test–retest
reliability of identical MR images was assessed with
Pearson correlation coefficients and Student t-tests of the
paired differences of the observations.
Between-reader agreement. Between-reader agreement
was assessed by determining whether there were signifi-
cant differences between the readings of the same image
made by different readers. The image for each subject or
patient was read independently by three readers. The
results of this analysis are based on the first (non-retest)
readings for all 28 subjects. Between-reader agreement
was analyzed using the ICC coefficient.
Test–retest reliability of patient positioning and image
acquisition. Test–retest reliability of patient positioning and
image acquisition was assessed by determining whether
there were significant differences between readings
obtained from two MR images taken 1–2 h apart. Each of
these images was processed independently by the three
readers. The analyses reported here are based on the
differences between the readings provided by each reader
(results from first image [test] minus the results from the
second image [retest]). The data for each reader were
analyzed separately in order to reveal differences among
the readers. This test–retest analysis was performed using
readings from eight subjects. Results were assessed with
Pearson correlation coefficients and two-tailed Student
t-tests of the paired differences of the observations.
The analyses were carried out using PROC CORR and
UNIVARIATE of the statistical software SAS version 6.08
and the SAS macro INT RACC.
Results
TEST–RETEST RELIABILITY OF IDENTICAL MR IMAGES
Correlations between the measurements from the two
sets of identical MR images read 2 weeks apart were very
high. Pearson correlation coefficients were >0.978
(P<0.0001) for each of the three readers at each anatomic
site (Table I).
Analyses of the differences between the test and retest
readings of identical images showed excellent reliability
in the readings of Reader 1 and Reader 2 and some
inconsistencies in the readings of Reader 3 (Table II). Mean
differences between the test and retest readings were not
significant for Readers 1 and 2 at any site (P>0.145). For
Reader 3, the differences between the two readings were
significant at two sites, both on the lateral aspect of the
knee (P<0.035).
Excellent reliability was also reflected in the coefficients
of variation (CV; the magnitude of the standard deviation of
measurements divided by the mean of measurements). CV
were small, ranging from 0.68 to 4.46% for the measure-
ment of total cartilage of the 12 subjects (data not shown).
BETWEEN-READER AGREEMENT
Between-reader agreement was excellent among all
readers and between each pair of readers at each ana-
tomic site for readings of images from the group of all
patients and subjects (ICC correlation coefficients >0.963,
P<0.0001) [Table III(A)]. Between-reader agreement was
also extremely high for images from the subgroup of normal
subjects (ICC coefficients >0.988, P<0.0001) [Table III(B)].
Between-reader agreement was slightly lower for images
from the subgroup of patients with OA (ICC coefficients
>0.943, P<0.0001).
PATIENT POSITIONING RELIABILITY
Correlations between the measurements from the test–
retest MR images were very high. Pearson correlation
coefficients were >0.978 (P<0.0001) for each of the three
readers at each anatomic site (Table IV). Analyses of the
differences between test–retest readings were indicative of
good reproducibility in the measurements of Readers 1 and
2 but showed some inconsistencies in the measurements
of Reader 3 (Table V). The differences between the first and
second readings by Readers 1 and 2 were not significant at
any site. In contrast, the differences between the readings
by Reader 3 were significant at two sites. In addition, the
standard deviations for the mean differences between the
test–retest readings by Reader 3 were larger than those for
readings by Readers 1 and 2, further demonstrating slightly
lower consistency between readings for Reader 3.
Discussion
We have developed a method for the reliable evaluation
of cartilage volume of the total knee (femur and tibia) using
MR image sets acquired with fat-suppressed, gradient–
echo sequences. The results of our studies confirm the
reliability of this MR imaging system. The results of the
test–retest analyses of identical MR images indicate
that measurements made by the same reader on the
same image are highly reproducible (Pearson correlation
Table I
Test–retest reliability of identical MR images (N12): Pearson
correlation coefficients
MRI location Pearson correlation coefficients
Reader 1 Reader 2 Reader 3
Medial condyle 0.992 0.998 0.984
Lateral condyle 0.997 0.998 0.998
Medial compartment 0.995 0.996 0.978
Lateral compartment 0.996 0.998 0.996
Global* 0.996 0.999 0.987
*Summation of the volumes of the medial and lateral compart-
ments and trochlear area.
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coefficients >0.97), even when made 2 weeks apart. The
Pearson correlation coefficients in this study were well
above those found by other authors validating other carti-
lage imaging semi-quantification systems. The excellent
agreement among the three readers (ICC coefficients
≥0.97) suggests that a single reader may be sufficient to
provide accurate and reproducible segmentation of images
and computation of data using this method. Even if the
between-reader agreement was slightly lower for images
from the subgroup of patients with OA, the ICC were still
very high. This slightly lower agreement was expected
since pathological cartilage is somewhat more difficult to
evaluate, leading to increased variability among readers.
Nevertheless, the ICC coefficients among readers were
very high, regardless of the anatomic site and whether the
images were from normal subjects or patients with OA.
The results of the test–retests of patient positioning and
image acquisition were also indicative of excellent reliabil-
ity. Among our three readers, there were no clinically
significant differences between the readings of pairs of
identical images (test–retest reliability of identical MR
images) or between the readings of images of the same
Table II
Test–retest reliability of identical MR images (N12): test–retest reliability of the paired differences (Student t-test)
MRI location Difference (mm3) (mean±SD) P-value* Difference (%) (mean)†
Reader 1
Medial condyle +2.01±91.10 0.940 +0.07
Lateral condyle −17.71±74.29 0.426 −0.61
Medial compartment −7.22±92.91 0.793 −0.16
Lateral compartment −48.34±121.11 0.194 −0.94
Global‡ −75.51±260.82 0.337 −0.56
Reader 2
Medial condyle −21.78±48.16 0.146 −0.72
Lateral condyle −14.82±77.13 0.519 −0.49
Medial compartment +2.21±79.78 0.925 +0.05
Lateral compartment −3.81±96.53 0.894 −0.07
Global‡ −23.02±125.65 0.539 −0.16
Reader 3
Medial condyle −46.09±134.76 0.261 −1.54
Lateral condyle −48.12±69.20 0.035 −1.60
Medial compartment −84.31±195.45 0.163 −1.80
Lateral compartment −98.85±132.83 0.026 −1.90
Global‡ −226.93±474.78 0.126 −1.64
SD=standard deviation.
*Test reading versus retest; Wilcoxon sign test.
†Mean difference (%)(Mean volume from test reading)(Mean volume from retest reading)(Mean volume from test reading) 100.
‡Summation of the volumes of the medial and lateral compartments and trochlear area.
Table III
Agreement between readers: intra-class correlations for all 28 subjects and patients, for normal subjects, and for OA patients
MRI location Intra-class correlation coefficients
All three readers Readers 1 and 2 Readers 1 and 3 Readers 2 and 3
(A) Agreement between readers (N=28): intra-class correlations for all 28 subjects and patients
Medial condyle 0.973 0.964 0.962 0.992
Lateral condyle 0.988 0.986 0.982 0.996
Medial compartment 0.986 0.984 0.983 0.990
Lateral compartment 0.993 0.992 0.991 0.996
Global* 0.988 0.986 0.983 0.993
(B) Agreement between readers: intra-class correlations for normal subjects (N=10)
Medial condyle 0.993 0.989 0.991 0.997
Lateral condyle 0.999 0.999 0.997 0.999
Medial compartment 0.992 0.991 0.996 0.990
Lateral compartment 0.998 0.999 0.998 0.997
Global* 0.996 0.997 0.997 0.996
(C) Agreement between readers: intra-class correlations for OA patients (N=18)
Medial condyle 0.961 0.947 0.943 0.989
Lateral condyle 0.976 0.969 0.964 0.992
Medial compartment 0.981 0.980 0.974 0.990
Lateral compartment 0.986 0.982 0.982 0.994
Global* 0.970 0.964 0.958 0.988
*Summation of the volumes of the medial and lateral compartments and trochlear area.
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structure obtained 1–2 h apart (test–retest reliability of
patient positioning and image acquisition). However, for the
third reader, there were some statistically significant differ-
ences between the measurements reported for these pairs
of images, related to the lateral aspect of the knee. A
possible explanation is that our third reader had a differ-
ent scientific background (anthropologist) and had less
extensive training with our system.
The potential of the MR imaging approach for knee OA
evaluation is obvious. First, MR images enable the assess-
ment of all of the joint structure, including the cartilage,
menisci, synovial tissue, and ligaments. In this work, we
focused on the evaluation of cartilage volume. We are
already working on the assessment of anatomical sub-
regions of cartilage and its focal defects caused by carti-
lage loss through time. Secondly, our MR technology is
based on conventional MR acquisitions using parameters
that are easily reproducible by any conventional MR
machine with 1.5 T capabilities. As a result, this technology
could be exportable to other centers with comparable MR
facilities and can be used in multicenter trials. We are
working on the validation of such exportability. Finally, MR
acquisitions are noninvasive and nonradiant, providing a
clear advantage over arthroscopy and fluoroscopy. This
method performs very well in images showing poor contrast
and low SNR. Measurements using the snake algorithm
are not as robust for complex objects with large defor-
mations or topological changes, such as osteophytes or
focal cartilage defects (fissuring); improved software is
being developed for these types of assessments.
We chose to immediately address the problem of analyz-
ing patients with cartilage damaged by the OA process. As
most patients with knee OA have dehydrated cartilage,
which yield less intense signals, the FISP sequence was
chosen as it produces excellent images of the cartilage.
Moreover, synovitis is more frequently encountered in OA
patients than joint effusion again favoring the use of the
FISP sequence. We selected patients with different de-
grees of OA-induced cartilage damage. We chose the MR
sequence that was the optimal compromise with the best
resolution and SNR. Because patients with OA have pain,
image acquisition should preferably be completed within a
reasonable amount of time, ideally less than 20 min. In
this study, we recognize that the image acquisition time is
lengthy especially if one wants to assess structures of the
knee joint other than the cartilage.
The progression of cartilage degradation in knee OA is
key parameter that must not be overlooked in the study of
therapeutic interventions for this disease. Our MR image
quantification system makes possible highly reliable quan-
tification of cartilage volume. Our technology should enable
us to assess the intra-individual variability of cartilage
volume and, moreover, standardize the geometrical
representation of such cartilage. This will be critical for
analysis of disease progression over time and should
hopefully reduce the number of patients needed in clinical
trials, improve retention of these patients, and reduce the
overall costs and the length of clinical trials. Studies are
now under way to assess the validity of our MR imaging
technology to follow the change in cartilage volume over
time in knee OA patients, to correlate these changes to
Table IV
Test–retest of patient positioning and image acquisition (N8):
Pearson correlation coefficients
MRI location Pearson correlation coefficients
Reader 1 Reader 2 Reader 3
Medial condyle 0.987 0.988 0.981
Lateral condyle 0.999 0.991 0.995
Medial compartment 0.993 0.997 0.989
Lateral compartment 0.999 0.998 0.995
Global* 0.997 0.994 0.978
*Summation of the volumes of the medial and lateral compart-
ments and trochlear area.
Table V
Test–retest of patient positioning and image acquisition (N8): Student t-test of the paired difference
MRI location Difference (mm3) (mean±SD) P-value* Difference (%) (mean)†
Reader 1
Medial condyle +4.08±140.14 0.937 +0.14
Lateral condyle +4.05±36.77 0.765 +0.15
Medial compartment +17.53±153.92 0.757 +0.38
Lateral compartment +23.84±58.94 0.290 +0.48
Global‡ −4.15±210.54 0.957 −0.03
Reader 2
Medial condyle −34.27±142.41 0.518 −1.13
Lateral condyle +17.61±114.87 0.678 +0.62
Medial compartment −51.25±96.64 0.177 −1.08
Lateral compartment +23.26±105.51 0.553 +0.46
Global‡ −31.31±345.36 0.805 −0.23
Reader 3
Medial condyle +55.88±185.93 0.423 +1.84
Lateral condyle +101.85±94.82 0.019 +3.56
Medial compartment +128.00±244.06 0.181 +2.68
Lateral compartment +189.78±187.61 0.024 +3.76
Global‡ +472.50±651.80 0.079 +3.43
SD=standard deviation.
*Test reading versus retest reading; Wilcoxon sign test.
†Mean difference (%)(Mean volume from test reading)(Mean volume from retest reading)(Mean volume from test reading) 100.
‡Summation of the volumes of the medial and lateral compartments and trochlear area.
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existing radiographic analytic tools and the change in these
patients of validated clinical parameters56.
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